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Bacteriochlorophyll a-containing aerobic anoxygenic phototrophs (AAnP) have been proposed to account for
up to 11% of the total surface water microbial community and to potentially have great ecological importance
in the world’s oceans. Recently, environmental and genomic data based on analysis of the pufM gene identified
the existence of a-proteobacteria as well as possible y-like proteobacteria among AAnP in the Pacific Ocean.
Here we report on analyses of environmental samples from the Red and Mediterranean Seas by using pufM as
well as the bchX and bchL genes as molecular markers. The majority of photosynthesis genes retrieved from
these seas were related to Roseobacter-like AAnP sequences. Furthermore, the sequence of a novel photo-
synthetic operon organization from an uncultured Roseobacter-like bacterial artificial chromosome retrieved
from the Red Sea is described. The data show the presence of Roseobacter-like bacteria in Red and Mediter-
ranean Sea AAnP populations in the seasons analyzed.

Recent reports suggest that aerobic anoxygenic phototrophs
(AAnP) form a significant fraction of the marine bacterioplank-
ton community (16, 17). Known cultured planktonic AAnP be-
long to only a few restricted groups within the Alphaproteobac-
teria (39) and include Roseobacter and Erythrobacter spp. Until
recently, Erythrobacter spp. were among the more commonly cul-
tured bacteriochlorophyll a-containing bacteria recovered from
the open ocean (15, 16). The functionality of their photosynthetic
apparatus was recently proven by kinetic bacteriochlorophyll flu-
orescence measurements and CO, fixation assays (16). These
bacteria, however, are not capable of strictly photoautotrophic
growth, as they require a supply of organic carbon (15).

Most of the genes required for the formation of bacterio-
chlorophyll-containing photosystems in both anaerobic and
aerobic anoxygenic phototrophs are clustered in a contiguous,
45-kb chromosomal region. These include the bch genes cod-
ing for enzymes in the bacteriochlorophyll biosynthetic path-
way and the puf operon genes coding for the subunits of the
light-harvesting complex (pufB and pufA) and the L and M
subunits of the reaction center (RC; pufL and pufM). Analyses
of photosynthetic superoperons recovered on large genome
fragments of naturally occurring bacterioplankton have pro-
vided evidence for several different types of AAnP in coastal
Pacific waters (7). Interestingly, it was recently reported that in
some cultured AAnP species (Roseobacter litoralis and Staleya
guttiformis) the photosynthetic superoperon is located on a
linear plasmid and not on the chromosome (28).

Recently, pufM genes were used to assess the remarkable di-
versity of different aerobic (7) and anaerobic (1, 14) anoxygenic
photosynthetic assemblages. Proteins in the bacteriochlorophyll
biosynthetic pathway were also recently used as phylogenetic
markers for different anoxygenic phototrophs (7). It was shown
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that Roseobacter and Roseobacter-like bacteria constitute a sig-
nificant proportion of AAnP in the Pacific Ocean, together
with bacteria related to cultured anaerobic Betaproteobacteria
and Gammaproteobacteria (7). In contrast to results of culture-
dependent studies, no photosynthetic genes or cDNA belonging
to Erythrobacter spp. (a-4 subclass of Proteobacteria) were re-
trieved in any of the Pacific Ocean samples analyzed so far (7).
Until recently, only six defined Roseobacter and Roseobacter-
like (Rhodobacteraceae) species with the capability for aerobic
anoxygenic photosynthesis have been described. These include
Roseobacter litoralis and Roseobacter denitrificans, isolated
from marine algae and sediments (31); S. guttiformis (19) and
Roseovarius tolerans (18), isolated from a hypersaline Antarctic
lake; and Roseivivax halotolerans and Roseivivax halodurans,
isolated from a hypersaline lake in Australia (34). No seawater
isolates from the genera Sagittula, Silicibacter, or Sulfitobacter
or from the newly discovered Roseobacter clade-affiliated cluster
have yet been found to have the capacity to perform aerobic
anoxygenic photosynthesis (24, 30). Many marine Roseobacter-
like AAnP isolates now await to be better defined, and include
strains isolated by O. Béja et al. (7), M. Allgaier et al. (3), and M.
Koblizek, P. G. Falkowski, and Z. S. Kolber (unpublished data).
To better describe the nature and diversity of planktonic,
aerobic anoxygenic photosynthetic bacteria in oligotrophic seas,
we screened surface water from the Red and Mediterranean Seas
with primers previously designed to amplify both pufL and pufM
(a 1.6-kb fragment) (7). These primers match well-conserved
sequences in the pufLM operon and will target most pufLM
sequences currently available in the GenBank database (7, 25).
PufM sequences from different marine AAnP isolates were
also retrieved in order to better resolve the tree topology.
Parallel to the use of pufM primers, other primers (originally
designed to amplify nifH genes [23]) were used to amplify bch
genes (bchL and bchX) from the same water samples. Com-
mon reductase was suggested as the possible ancestor for Mg
tetrapyrrole biosynthetic proteins as well as nitrogenase (38).
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FIG. 1. Phylogenetic relationships of PufM sequences of AAnP bacteria. Evolutionary relationships were determined by NJ analysis (see
Materials and Methods). The green nonsulfur bacteria Chloroflexus aurantiacus was used as an outgroup. Sequences that were amplified by PCR
in this study are indicated in boldface. Bootstrap values (NJ/MP) greater than 50% are indicated above the branches. The scale bar represents the
number of substitutions per site.
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FIG. 2. Phylogenetic analyses of the BchX and BchL proteins. (A) Phylogenetic tree of the BchX protein. (B) Phylogenetic tree of the BchL
and ChIL proteins. Bootstrap values (NJ/MP) greater than 50% are indicated above the branches. The scale bar represents the number of

substitutions per site.

NifH and BchL were found to be remarkably similar by both
Fujita et al. (11) and Burke et al. (8), and NifH was used as an
outgroup for studying phylogenetic relationships among differ-
ent BchL homologs from both bacteria and plants (9, 38).

These degenerate general nifH primers (23) target the same
conserved regions on both bchL and behX (amino acids regions
GKGGIGKS and VCGGFAMP; see alignment figure in Burke
et al. showing the alignment of nitrogenases and chlorophyll
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FIG. 3. Schematic comparison of photosynthetic operons of Rhodobacter sphaeroides, eBAC60D04, eBAC25D05, and Rhodovulum sulfidophilum.
Open reading frame (orf) abbreviations use nomenclature defined previously (references 10 and 13). Predicted open reading frames are in shaded
according to biological category: bch, bacteriochlorophyll biosynthesis genes; crt, carotenoid biosynthesis genes; puf, light-harvesting and reaction center
genes. White boxes indicate nonphotosynthetic and hypothetical proteins with no known function. Homologous regions are connected by gray areas.

iron proteins [9]). The use of different chlorophyll biosynthetic
pathway genes (bchL, for example) enables the comparison of
genes found in both AAnP and oxygenic phototrophs. We also
identified a new bacterial artificial chromosome (BAC) clone
from the AAnP bacteria in these waters and studied the ge-
netic organization of its photosynthetic operon. Using these
three independent molecular markers (the pufM and bch genes
and a BAC clone with the AAnP photosynthetic operon), we
tried to identify the main AAnP populations in Red and Med-
iterranean oligotrophic waters.

Nucleotide sequence accession numbers. Nucleotide se-
quences have been deposited in the GenBank database un-
der accession numbers AY671989, AY671990 to AY672016,
AY672018 to AY672043, and AY675565 to AY675576. The
sequence of eBACred25D05 was deposited under accession
number AY671989.

MATERIALS AND METHODS

Sample collection. Red Sea samples (taken from waters at 29.28°N, 34.55°E
and 27.17°N, 34.22°E) were collected in February 1999 (depths, 5 and 50 m;
fraction diameter, >0.45 wm) (20), and in November 2002 (29.28°N, 34.55°E;
depths of 0, 30,50 and 100 m; fraction diameter, 0.2 to 1.6 wm). Mediterranean
samples were collected from the Albordn Sea (36.0°N, 4.25°W) in May 1998
(depths, 5 and 50 m; fraction diameter, 0.2 to 2 um) and from the Catalano-
Balear Sea (42.7°N, 2.8°E) in January 2000 (depths, 5 and 60 m; fraction diam-
eter, 0.2 to 5 pm). Samples were also collected off the Israeli Coast in October
2002 (depth, 66 m; fraction diameter, 0.2 to 1.6 um) and in January 2003 (33.95°N,
31.09°E; depths, 70 and 100 m; fraction diameter, 0.2 to 1.6 wm). The preservation
and extraction of DNA from all samples were done as previously described (21).

Large-insert genomic library construction from environmental DNA. The
BAC library was constructed from plankton samples collected from coastal water
(depth, 7 m) pumped from the dock at the Interuniversity Institute for Marine
Sciences in Eilat in May 2002 (29).

Strain isolation. The AAnP strains were isolated as described previously (15)
with the following modification: in addition to a standard f/2 vitamin mix, all the
media were enriched with 2 pM nicotinic acid (vitamin B3) which is required by
the Roseobacter species. In June 2001, strain BS90 was isolated on the northwest
shelf of the Black Sea and strain BS110 was isolated from deep (62-m) Medi-
terranean waters of the Bosporus (Koblizek et al., unpublished data); strain
COL2P was collected on the French Mediterranean coast in September 2000;

strain SO3 was isolated in the Southern Ocean at 62° 0’ S, 170° 46’ W in February
2002; and strains SYOP1 and SYOP2 were collected on the Sydney beach, Aus-
tralia, in September 2002. The presence of bacteriochlorophyll a-containing
organisms was tested by using an infrared fast repetition rate fluorometer (17).
Pure isolates were typically grown in organic rich medium composed of /2
medium supplemented by 0.5 g of peptone and 0.1 g of yeast extract per liter.
Isolates were grown under conditions of an alternating light-dark cycle (12 h of
light-12 h of dark), illuminated by a bank of luminescent tubes providing white
light of about 100 wmol photon/m?/s at room temperature.

PCR amplification. PCR amplification was carried out in a total volume of 25
wl containing 10 ng of template DNA, a 200 wM concentration of each de-
oxynucleoside triphosphate, 1.5 mM MgCl,, 2.5 U of BIO-X-ACT DNA poly-
merase (Bioline) or Ex-Taq (Takara), and a 0.2 pM concentration of each
primer. The following degenerate oligonucleotide primers were used: pufLfwd
(5'-CTKTTCGACTTCTGGGTSGG-3")and pufMrev (5'-CCATSGTCCAGCG
CCAGAA-3") for the pufLM genes (7) and GKGGIGKSfwd (5'-GGHAARGG
HGGHATHGGNAARTC-3') and VCGGFAMPrev (5'-GGCATNGCRAA
NCCVCCRCANAC-3") for the bch genes (23). The amplification program
consisted of 92°C for 4 min and 40 cycles at 92°C for 1 min, 50°C for 1 min, and
68°C for 1.6 min for the pufLM segment and for 45 s for the amplification of the
bch genes. PCR-amplified pufLM and bch genes from each depth of the different
sampling sites were ligated into the pDrive cloning vector (QIAGEN). Clones
were analyzed by EcoRI and Alul restriction fragment length polymorphism
analysis before sequencing of representative restriction fragment length poly-
morphism groups. Sequencing of the pufLM fragment required an additional
internal primer (pufM570fwd, 5'-CAGTTACTTTATTTTTCACAAC-3").

Phylogenetic inference. Sequence alignments were performed by using the
program Clustal X version 1.81 (36). Neighbor-joining (NJ) and maximum-par-
simony (MP) analyses were conducted on amino acid data sets by using the
PAUP: program, version 4.0b10 (35). Default parameters were used in all analyses.
Bootstrap resampling of NJ (1,000 replicates) and MP (1,000 replicates) trees was
performed in all analyses to provide confidence estimates for the inferred topologies.

RESULTS AND DISCUSSION

Detection of pufM sequences. The phylogenetic tree of PufM
proteins (Fig. 1) encompassed three major clades, separating
between a-3, a-4, and «a-1/a-2/B/y representatives. Most of
the environmental pufM clones from the Red and Mediter-
ranean Seas fell into one group based on PufM phylogeny
(Fig. 1). These clones were highly similar to PufM sequences
previously identified in the Pacific Ocean (Fig. 1, envHOT]1,



VoL. 71, 2005

Bradyrhizobium sp. ORS278
eBAC 60D04

Erythrobacter sp. MBIC3960
o Rhodobacter sphaeroides

Rhodovulum s ulfidophilum

eBAC 25D05

Roseobacter denitrificans

Rhodospirillum molischianum

Rubrivivax gelatinos us

Roseateles depolymerans

Lamprocystis purpurea

Chromatium vinosum

eBAC 65D09

eBAC 29C02

ROSEOBACTER-LIKE AAnP IN THE RED AND MEDITERRANEAN SEAS

349

behZ B | i | M W

-ng
bchZ
bchZ I I orf641
u.u /
bchZ orf641 )

bechZ

orf641 >

behZ B AL M ‘ (R orf641 >

behZ

bchZ

bchZ

bchZ

bchZ

bchZ

FIG. 4. Schematic comparison of puf operons. Open reading frame (orf) abbreviations and color codes are as described in the legend of Fig.

3. Homologous regions are connected by gray areas.

envOm8, and envOml) and are related to PufM proteins
from Roseobacter and Roseobacter-like groups.

Surprisingly, no pufM clones from a previously reported
Pacific Ocean environmental a-proteobacterial group (Fig. 1,
eBACs 30G07, 60D04, and 56B12) could be detected in Red or
Mediterranean Sea waters and only two sequences (Fig. 1,
SO6P3 and SO1P12) related to Pacific Ocean vy-like (J. C. Cho

and S. Giovannoni, personal communication) proteobacterial
environmental groups (Fig. 1, eBACs 29C02, 39B11 and
24D02, 52B02, and 65D09) were found.

These observations could indicate the absence of the pufM
clones in Red or Mediterranean Sea waters in the seasons
sampled or the inability of the primers used to detect these
PufM groups. The second explanation seems less likely, since
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the same primers were used to detect diverse Pacific a- and B-
or y-proteobacterial PufM types. Nevertheless, the possibility
of mismatches in the primer region used remains.
Interestingly, when a Red Sea BAC library was screened
with the same pufLM primers, a positive BAC clone was
detected (eBACred25D05). This BAC was related to the se-
quences amplified via direct PCR on environmental samples
and fell with PufM proteins from the Roseobacter and Roseo-
bacter-like groups. This alone gives a certain indication for the
abundance of this AAnP group because only abundant bacterial
groups will be represented in a given BAC or fosmid library.
Detection of bchX and bchL sequences. Environmental BchX
protein sequences were clearly related to BchX sequences
from Roseobacter-like isolates (Fig. 2A), and again, as in the
pufM case, no sequences related to BchX sequences from Pa-
cific a- or y-proteobacterial AAnP groups were detected (repre-
sented in the tree by sequences from eBAC 60D04, 29C02 and
65D09). BchX from the Red Sea BAC clone (eBACred25D05)
was also positioned within the Roseobacter-like group. The pic-
ture generated with the environmental BchL and ChIL se-
quences was more complex. Eleven of the sequences were
related to ChIL proteins from cyanobacteria and probably rep-
resent diversity within the Prochlorococcus and Synechococcus
groups. Seven of the retrieved BchL environmental sequences
were related to Roseobacter-like isolates while four sequences
(Fig. 2B, MedN2N6, e BACRed4D11, eBACMed14, and eBAC

Med57_2) were related to BchL from Rhodobacter sphaeroides;
four sequences (MedA19N26, MedN2N5S, MedH70mB2, and
eBACMed47) fell between sequences represented by Rhodo-
bacter sphaeroides BchL proteins and proteins from a Pacific
Alphaproteobacteria AAnP (eBAC 60D04). The BchX and
BcehL trees include sequences from environmental samples,
newly isolated Roseobacter strains (Koblizek et al., unpub-
lished data) as well as from environmental large-insert
BAG:s isolated from the Mediterranean and Red Seas (G.
Sabehi and O. Béja, unpublished data). Future sequencing
of these Roseobacter-related BACs should help in assigning
them phylogenetic groups and resolve the positions of some
BchL sequences (MedA19N26 and MedN2NS5, for example).

Analyses of a photosynthetic operon from a Roseobacter-like
containing BAC. The clone eBACred25D05, which, based on
PCR analysis, contained both the pufM and bchX genes and
represents the sequences from the Roseobacter-like AAnP
group, was fully sequenced, and the photosynthetic operon was
compared with operons of cultured proteobacteria and uncul-
tured AAnP BACs (7). This BAC clone, which is related to
Roseobacter bacteria (on the basis of pufM sequences) (Fig. 1),
most closely resembles the photosynthetic operons from the
cultured bacteria Rhodovulum sulfidophilum (22), Rhodo-
bacter capsulatus (2), and Rhodobacter sphaeroides (10, 26) in
both organization and gene content. The superoperonal
gene arrangement, crtEF-bchCXYZ-puf, found in Rhodobac-
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ter sphaeroides, Rhodobacter capsulatus and Rubrivivax gelati-
nosus is conserved in eBACred25D05 (Fig. 3), suggesting that
the photosynthetic apparatus in the bacteria from which this
BAC insert originated is functional. Unfortunately, no whole pho-
tosynthetic superoperon from any cultured AAnP is yet avail-
able to compare to the operonal organization of e BACred25D05
or to other environmental uncultured photosynthetic superop-
erons containing BACs (7).

A more comprehensive comparison was made with the re-
gion surrounding light-harvesting complex I (puf4B) and the
RC (pufLM). Two types of RC are known in purple bacteria.
One has a tightly bound subunit of a c-type cytochrome (pufC).
The other accepts electrons directly from water-soluble elec-
tron carriers such as cytochrome c, (cycA) (27). Considerable
diversity exists in this region in different proteobacteria, includ-
ing those derived from environmental BAC clones (7) (Fig. 4).
Clone eBACred25D05 contains the gene pufC and also con-
tains the gene pufQ, implicated in spectral complex assembly
(6, 12), but lacks the pufX gene suggested to be involved in elec-
tron transfer from the RC to the bc, complex (4, 5). The or-
ganization of this operon, which consisted of six genes, pufQ,
pufB, pufA, pufL, pufM, and pufC, is new in photosynthetic bac-
teria in the sense that pufQ and pufC coexist. Such an organi-
zation has been found so far only in Rhodovulum species (37).

As opposed to the PufC proteins from Rhodovulum species,
which contain only three possible heme-binding motifs (37), PufC
from clone eBACred25D05 contains all four possible heme-
binding motifs, as does Roseobacter denitrificans PufC, and
therefore belongs to the classical tetraheme cytochrome family
(Fig. 5A). Furthermore, eBACred25D05 PufC shows the high-
est homology to Roseobacter denitrificans PufC (70% [244 of
347 residues] protein identity) and branches close to Roseo-
bacter denitrificans PufC with high bootstrap values (Fig. 5B).

Concluding remarks. Our results now show the presence of
Roseobacter and Roseobacter-like bacteria in aerobic anoxy-
genic photosynthetic populations in the oligotrophic Red and
Mediterranean Seas. Two recent publications show the domi-
nance of these groups in the eastern Pacific Ocean. By using real
time PCR, it was shown that Roseobacter groups account for up to
40% of the bacterial population in certain areas in Monterey Bay
(33). Furthermore, these groups account for up to 26% of all
rRNA identified in surface BAC libraries constructed from
Monterey Bay samples (32). Therefore, the Roseobacter group
appears to be a substantial component of marine bacterial assem-
blages, and our data imply that some can be involved in oceanic
aerobic anoxygenic photosynthetic activity.

The role of these groups and their seasonal dominance in
different oceanic regions will have to be further monitored by
real-time PCR or different hybridization assays to distinguish
between the different o groups and between these groups and
the B or y oceanic AAnP groups. Furthermore, additional data
from more quantitative methods, such as infrared fast repeti-
tive rate fluorometry, infrared epifluorescence microscopy,
and/or pigment analysis are important for obtaining a more
complete picture about the distribution and diversity of AAnP
in these environments.
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